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Binding of phage )29 regulatory protein p4 to its target
sequences produces a strong bend in the DNA that is
important for activation of the late A3 promoter (PA3).
Protein p4 binding site in PA3 overlaps with the
divergently transcribed main early promoter, PA2b9
which suggested that p4 could also act as a repressor.
We show that protein p4 both excludes Bacillus subtilis
oA-RNA polymerase from PA2b and directs it to the
divergently transcribed A3 promoter. Although steric
hindrance is likely to be involved in the repression
process, we have also analysed the effect on PA2b activity
of a sequence-dependent curvature that simulates that
induced by protein p4. A progressive increase in the DNA
curvature of protein p4 binding region, performed by
site-directed mutagenesis, has indicated that a static DNA
curvature by itself can inhibit transcription from PA2b,
both by impairing the binding of oA-RNA polymerase
to the promoter and by reducing its ability to form
transcriptionally active open complexes. These results
indicate that bending promoter sequences in a direction
unfavourable for RNA polymerase binding can repress
transcription. Protein p4-induced DNA bending could
therefore participate in PA2b repression by producing a
DNA structure not recognized as a promoter by OA-RNA
polymerase.
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bending/transcription activation/transcription repression
Introduction
Regulated overlapping promoters are a good example of the
optimization in the use of genetic information found in
prokaryotic organisms. The best known examples possibly
correspond to Escherichia coli lac, gal and glnA operons,
in which transcription takes place from tandem promoters.
A first weak promoter supplies the cell with basal tran-
scription levels, but is silenced when a transcriptional
activator (cAMP-CRP for lac and gal and NtrC for glnA)
directs the RNA polymerase to a nearby second promoter,
which is strongly transcribed in the same direction and is
essentially silent in the absence of the activator (Malan and
McClure, 1984; Malan et al., 1984; Spassky et al., 1984;
Reitzer and Magasanik, 1986). Overlapping but divergently
transcribed promoters regulated by a protein bound to a
single site are less frequent. The regulator of the mercury
resistance operon from transposon Tn501, MerR, induces
or represses transcription from the merT promoter depending
on whether mercury salts are present or absent, and represses
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its own divergently transcribed merR promoter under both
conditions (Lund et al., 1986).
Bacillus subtilis phage 029 early genes are all coded by
the same DNA strand, and are transcribed from several
promoters. Late genes are coded by the complementary
strand and are expressed from a single promoter named A3
or PA3 (Sogo et al., 1979; Barthelemy et al., 1986). The
late A3 promoter is not functional unless the early protein
p4, a transcriptional activator, binds to a region spanning
from nucleotide -56 to - 102 relative to the transcription
start point (Barthelemy and Salas, 1989). Protein p4 binding
site overlaps with the -35 region of the main in vivo early
promoter, PA2b (Figure 1). Several facts suggest that
protein p4 represses the A2b promoter while stimulating the
expression from PA3. Although transcripts originating at
PA2b are still detectable at late times of the infection, the
levels appear to be lower than at early times and, instead,
the alternative A2a promoter becomes operative. PA2a is
thought to be a safety mechanism when PA2b transcription
declines, since the same genes are transcribed from both
promoters (Barthelemy et al., 1988). An additional early
promoter, PA2, is present close to PA2b and PA3, but is very
weak in vivo (Barthelemy et al., 1986; Mellado et al., 1986).
On the other hand, in vitro DNase I footprints suggest that
binding of protein p4 to PA3 and oA-RNA polymerase to
PA2b could be mutually exclusive (Serrano et al., 1991).
Protein p4 generates a strong bend in its DNA binding
site. This bending is required for the activation of tran-
scription from PA3, possibly because it both facilitates RNA
polymerase binding to the promoter and correctly orients
protein p4 towards the RNA polymerase so that adequate
contacts can be made (Rojo et al., 1990; Nuez et al., 1991).
Since the bent region also includes the early A2b promoter
from position -16 to -62, relative to PA2b transcription
start site (see Figure 1), it is possible that the p4-induced
DNA bending participates in PA2b repression. Several
regulators of gene expression are known to bend the DNA
in their binding sites. CRP, which regulates gene expression
both positively and negatively, bends the DNA to different
extents in several E. coli promoters. This bending has been
proposed to be of relevance in the activation of lac and gal
promoters (Wu and Crothers, 1984; Liu-Johnson et al.,
1986; Braco et al., 1989; Kim et al., 1989). Other activators
also produce DNA bending, as for example E.coli RhaR
(Tobin and Schleif, 1990), FIS (Thompson and Landy, 1988;
Ross et al., 1990) or NtrC (Su et al., 1990). The MerR
activator, which does not seem to bend the DNA, in the
presence of mercury is thought to induce a local distortion
in the DNA that leads to activation of the merT promoter
(O'Halloran et al., 1989; Parkhill and Brown, 1990). Some
repressors are also known to bend the DNA. This is the case
for phage 434 Cro repressor (Wolberger et al., 1988), the
Lac and Gal repressors (Zwieb et al., 1989) and the RepA
protein from plasmid pLSl (Perez-Martin et al., 1989). The
protein-induced DNA deformation has been proposed to
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optimize or increase protein-DNA contacts, so stabilizing
the repressor in the operator. Nevertheless, it has also
been proposed that bending the DNA in a direction opposite
to that required for transcription could be an efficient
repression mechanism (Zwieb et al., 1989). While protein
p4-induced DNA bending is considered to be involved in
PA3 activation, little is known about its effect on PA2b
expression. The present work identifies protein p4 as a
repressor of PA2b. The effect on the activity of the early
A2b promoter of a sequence-dependent DNA curvature
which simulates that induced by protein p4 is analysed.
Results
Protein p4 and oA-RNA polymerase contact the same
face of the DNA helix
The nucleoprotein complex formed by protein p4 bound to
the A3 promoter, in the absence or presence of oA-RNA
polymerase, was footprinted with hydroxyl-radicals (Tullius
and Dombrosky, 1986) which, due to their small size, allow
the precise mapping of the regions of the DNA backbone
that are in close contact with the protein. Figure 2 shows
that three regions at the early strand (template for early
genes) and four regions at the late strand (template for late
genes) were protected by protein p4 from the cleaving agent.
The weak protection pattern also observed in the absence
of protein p4 is due to the sequence directed curvature of
this region (Barthelemy and Salas, 1989), being the effect
of protein p4 to increase this preexisting curvature. A
spatial representation of the cutting pattern (Figure 3) shows
that protein p4 contacts only one side of the DNA helix,
particularly the inner side of the bend induced by the
protein. When the footprint was performed in the presence
of both protein p4 and aA-RNA polymerase (Figure 2), the
protection pattern of protein p4 did not change and contacts
made by UA-RNA polymerase were detected downstream of
protein p4 binding site and up to positions about + 16 in
the early strand and + 14 in the late strand. A schematic
representation of these contacts shows that protein p4 and
oA-RNA polymerase bind to the same face of the DNA
helix, assuming a helical repeat of 10.5 bp (shown in Figures
2 and 3). When the footprints of protein p4 and RNA
polymerase bound at the A3 promoter are represented in a
spatial model (Figure 3) it can be seen that there is a minor
groove protected by both proteins, the upstream side of
it being contacted or protected by protein p4 and the
downstream side by aA-RNA polymerase. Both proteins
should therefore lie in very close proximity, most likely
contacting each other, as has been proposed (Nuez et al.,
1991). The continued protection that extends from positions
-6 to +16 in the early strand and from -11 to +14 in
the late strand, which should be absent in an open complex
(Schickor et al., 1990), suggests that the protection pattern
probably corresponds to an intermediate complex. It is
interesting to compare the pattern obtained here for B. subtilis
oA-RNA polymerase with that described by Schickor et al.
(1990) for E. coli o70-RNA polymerase when bound to
the strong and constitutive phage T7 Al promoter. Both
footprints are similar when aligned relative to the -10
sequences of the promoters, but are displaced 3-4 bp if
aligned relative to the transcription start point (position + 1).
This is so because the -10 box of the T7 A l promoter spans
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Fig. 1. Location of the promoters for early and late genes in the
region of the 029 late A3 promoter. Shadowed boxes denote the - 10
and -35 regions and open boxes protein p4 binding sequences
(Barthelemy and Salas, 1989; Nuez et al., 1991). The early A2c
promoter is active in vitro but very weak in vivo (Barthelemy et al.,
1986; Mellado et al., 1986).
from position -13 to -8, while that of phage 029 A3
promoter spans from position -10 to -5.
Protein p4 excludes oA-RNA polymerase from the
early A2b promoter
Previous DNase I footprinting studies had indicated that
protein p4 favours the binding of &A-RNA polymerase to
the late A3 promoter and suggested that, at the same time,
it impaired binding of oA-RNA polymerase to the early A2b
promoter (Serrano et al., 1991). We now show that protein
p4 excludes oA-RNA polymerase from PA2b, directing it to
PA3. oA-RNA polymerase bound to the A3 promoter, in the
presence of protein p4, protects from DNase I attack a region
that spans from position - 56 to + 19 (Serrano et al., 199 1;
also shown in Figure 4). In the absence of protein p4,
o-A-RNA polymerase does not produce a clear footprint,
with the exception of a strong hypersensitive site at position
-80 relative to PA3 (-38 relative to PA2b) and some
protections around it that do not allow the definition of
a precise interaction region. Other data indicate that the
hypersensitive site at position - 80 originates by the binding
of oA-RNA polymerase to the early A2b promoter. The
band is very reduced when the -10 box of PA2b is deleted
and it is absent when mutations are introduced in the
PA2b -35 box (Serrano et al., 1991; Nuez et al., 1991).
Figure 4 also shows that protein p4 can efficiently displace
oA-RNA polymerase already bound to PA2b and direct it to
PA3. This confirms that binding of protein p4 to its target
sequences in PA3 and binding of oA-RNA polymerase
to PA2b are mutually exclusive. This process is shown
schematically in Figure 5. The early A2b promoter partially
overlaps with protein p4 binding site; although the -10
sequence is far from the region contacted by the regulator,
the -35 box is inside its binding region (Figure 3). This
suggests that protein p4 is likely to exert a steric hindrance
on the binding of o-A-RNA polymerase to PA2b. Never-
theless, the strong curvature that it induces in the DNA could
also participate in this exclusion.
Effect of DNA curvature on PA2b activity
To analyse the effect of DNA bending on PA2b activity we
have introduced, by site-directed mutagenesis, a number of
adenine tracts in protein p4 binding site to obtain a sequence-
directed curvature that could simulate that induced by protein
p4. Three different mutants with increasing curvature were
obtained: PA2b6O had a new A-tract created by changing
cytosine -19 and thymine -21 of the late strand, relative
to PA2b (positions -99 and -97 relative to PA3), to
3430
.j:%
..a ..
DNA bending in transcription repression
J 6\f .J -
*J
__ J
_D, -- --
* -
6 L ! ls A
i - - -hL
S - -' _ _ _.
' } *: d _, .J Sg t._v-- 8 0 P 1
tw Z -^-_
= E
I_ w
$ -- rf^ ':-: r - ".
_ 1 ;J - .,f,_: n _ M
.
*.:e:
1:
t :2
ji::
^ ,_ :.,
- sC _ -
it t:
: ate
. I s~~~~~:i_
-.1617&-tC-
...__d.r
Fig. 2. Binding of protein p4 and aA-RNA polymerase to the late A3 promoter. The regions of the DNA backbone being in close contact with either
protein p4, oA-RNA polymerase or both, were footprinted with hydroxyl radicals. Protected positions are indicated at the right of each panel. On the
left side, positions relative to the PA3 transcription start site are indicated. When binding of aA-RNA polymerase to PA3 was analysed (right side of
the figure), 0.3 jig of protein p4 was added. A schematic representation of the same regions (bottom) shows that both proteins bind to the same face
of the DNA helix, assuming a helical repeat of 10.5 bp. Shaded rectangles indicate protections due to RNA polymerase binding and open rectangles
those due to protein p4 binding.
adenines (Figure 6A). PA2b61 had, in addition, another
A-tract created by changing cytosine -51 to adenine
(position -67 relative to PA3)- PA2b63 was obtained from
PA2b61, by changing cytosine -31 to adenine (position
-87 relative to PA3), so enlarging one of the preexisting
A-tracts. Note that the latter mutation affects the -35 box
of PA2b, making it more similar to the consensus sequence
for oA-RNA polymerase.
The computer program BEND from DNASTAR Inc.,
UK, predicted that the mutants described above had an
increased curvature in protein p4 binding site, in a direction
analogous to that induced by the activator (Figure 6B). This
was confirmed experimentally by measuring the migration
of DNA fragments containing these mutations through a
polyacrylamide matrix. Taking advantage of the fact that the
mutant promoters were cloned into the SmaI site of the
polylinker of plasmid pUC 19Q, two kinds of fragments were
obtained. One of them, 207 bp long, obtained with BamHI
and KpnI, had protein p4 binding site close to one end of
the fragment. The other one, 311 bp long, obtained with
BamHI and PvuII, had protein p4 binding site close to the
centre of the fragment. Figure 6C shows that the migration
of DNA fragments corresponding to the described promoters
decreased in the order PA2b, PA2b60, PA2b6I and PA2b63 As
expected, migration anomaly was much lower for those
DNA fragments in which protein p4 binding site was close
to the end of the fragment than for those in which it was
in the centre.
The differences in migration disappeared when the gels
were run at 60°C. These results indicate that curvature
readily increases as new A-tracts are introduced or enlarged
and that it is located in the protein p4 binding site, as
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-95 -83 -73 -62 -56
TCTATTTAACCACACCTGTATAACTTTTTGCAAGACTTTTTTATAAAATjTTGACGTTTTTCGAC
AGATAAATTGGTGTGGACATATToAAAACGTTCTGAAAAAATATTTTACAACTGCAAAAAGCTG
-lOA2b t 1-35A2b t
-102 -97 -85 -75 -64
I-75
%p4 p4
Fig. 3. Protein p4 binding site. (A) The inverted sequences recognized by protein p4 (Barthelemy and Salas, 1989; Nuez et al., 1991) are indicated
by horizontal arrows. Guanine residues -67 and -93, whose methylation interferes with protein p4 binding (Barthelemy and Salas, 1989), are
enclosed in boxes. PA2h -10 and -35 regions are shown, as well as the positions that become hypersensitive to DNase I digestion upon binding of
protein p4 to DNA (vertical arrows). (B) Spatial representation of protein p4 bound to DNA, showing its orientation relative to PA2b and to RNA
polymerase bound at PA3. DNase I hypersensitive sites (arrows) and the -10 and -35 regions of PA2b are shown. Positive symbols illustrate the
proposed interaction between the positively charged carboxyl-end of protein p4 and the DNA backbone that is thought to be involved in DNA
bending (Rojo et al., 1990). Positions protected by protein p4 (open circles) or uA-RNA polymerase (closed circles) from hydroxyl radical cleavage
are indicated.
expected. Although the degree and orientation of the
curvature of these mutants cannot be expected to be exactly
equivalent to that induced by protein p4, they allowed us
to study the effect of a curvature, in a certain position
and direction, on the recognition of PA2b by the RNA
polymerase. The angle of curvature of the promoters
analysed was estimated from their differences in electro-
phoretic mobility, using the empirical equation ,uM4tE =
cos cx/2 [ltM and ItE correspond to the minimal and maximal
mobilities, respectively, Thompson and Landy (1988)].
According to this, the circular permutation assays described
previously (Rojo et al., 1990) predict an angle of curvature
for PA3 of -450 in the absence of protein p4 and of 850
in its presence. In the case of the mutant promoters PA2b60,
PA2b61 and PA2b63, the angles were estimated to be -580,
640 and 720, respectively. These angles were calculated
from the difference in mobility observed between the DNA
fragments having the centre of curvature located in the
middle of the fragment or close to one end of it, and using
the formula mentioned above.
The activity of the mutant promoters was investigated in
run-off assays. Table I shows that transcription from mutant
promoters PA2b60 and PA2b61 was not significantly affected,
relative to that of the wild-type, when assayed under
conditions of low salt, but it was reduced 3- to 4-fold at
medium salt and -7- to 8-fold at high salt concentration
(20 mM NaCl and 30, 48 or 84 mM ammonium sulphate,
respectively). Wild-type PA2b was active at all these salt
concentrations, and its activity decreased about an order of
magnitude in the presence of protein p4 (see Table I; note
that at low ionic strength protein p4 partially aggregates and
its repression efficiency decreases).
Interestingly, the mutant having the highest curvature
(PA2b63) had a very reduced activity; 12-15% at medium
or low salt and 5% at high salt relative to that of the wild-type
promoter. It should be recalled that, apart from the increased
curvature, PA2b63 has also a mutation in the -35 box of
PA2b that makes it more similar to the consensus sequence.
This mutation should optimize recognition of the promoter,
something that normally increases its efficiency (Hawley and
McClure, 1983). In any case, this position of the -35
box has been shown to play a secondary role in promoter
efficiency (Kobayashi et al., 1990). Ionic conditions do not
seem to affect dramatically DNA curvature. Increasing NaCl
or MgCl2 concentrations above 20 mM does not modify
significantly gel migration anomaly of curved DNAs
(Diekmann, 1987; Crothers et al., 1990). Therefore, the
effect of salt concentration on the transcription activity of
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Fig. 4. DNase I footprinting of the binding of protein p4 and aA-RNA
polymerase to PA2b and PA3. Positions hypersensitive to DNase I
digestion upon binding of protein p4 to its recognition site (filled
arrowheads) or UA-RNA polymerase to PA2b (position -80 relative to
PA3 or -38 relative to PA2b, open arrowhead) are indicated, as well
as the region protected by the binding of UA-RNA polymerase to PA3.
Proteins added in each binding reaction are also indicated; RP stands
for oA-RNA polymerase. In lane p4/RP protein p4 was added 15 min
before oA-RNA polymerase and the mixture incubated for a further
15 min; in lane RP/p4 the order of addition was reversed, which
shows the displacement of oA-RNA polymerase bound at PA2b by
protein p4.
the mutant promoters possibly reflects the affinity of RNA
polymerase for the DNAs analysed or its ability to initiate
transcription. This was investigated by DNase I footprints
and by a kinetic analysis of the promoters.
Effect of DNA curvature on the binding of oA-RNA
polymerase to PA2b
The ability of oA-RNA polymerase to recognize PA2b
promoters in the curved mutant derivatives was analysed by
DNase I footprints. The assays were performed under the
same general conditions used in the in vitro transcription
reactions. Figure 7 shows that under conditions of low or
medium salt, RNA polymerase could bind to the three
artificially curved mutant templates, even to PA2b63, which
has a very reduced transcription activity. Under high salt
conditions, RNA polymerase could bind to the mutant
template having the lowest curvature (PA2b60), but not to
the one having the highest curvature (A2b63). Binding was
detectable, but poor, in the mutant having an intermediate
curvature (PA2M61). Therefore, although binding of oA-
RNA polymerase to PA2b60 and PA2b61 was readily
detected at medium ionic strength, transcription was 3- to
4-fold less active, respectively, than in the wild-type
promoter (see Table I). Similarly, at high salt concentrations
the binding observed to PA2b60 seemed to be very un-
productive, since its activity was reduced 7-fold relative to
that of the wild-type (see Table D). This result suggested that
DNA curvature could repress PA2b activity by affecting
both the transition from closed to transcriptionally active
open complexes and/or by inhibiting the binding of
RNA polymerase.
Effect of DNA curvature on the kinetic parameters of
PA2b
The kinetic constants of the wild-type and mutant PA2b
promoters were deduced from tau plots (Hawley and
McClure, 1980) as indicated in Materials and methods. This
approach is based on a simple two-step model for promoter-
RNA polymerase interaction. The RNA polymerase first
binds to the promoter forming a transcriptionally inactive
closed complex, in a reversible step represented by an
equilibrium constant KB. The second step is the isomeriza-
tion of the closed complex to an open complex from which
transcription can initiate, a process characterized by the
forward rate constant kf. The product KB X kf, named on
rate constant, is considered to reflect the overall promoter
strength. The results obtained are shown in Table II. The
kinetic parameters of wild-type PA2b indicate that it is a
strong promoter, with an on rate constant (241 x I04 M-l
s 1) comparable to that of other strong viral promoters such
as PL [125 x 104 M-1 s-1 in the presence of integration
host factor, Giladi et al. (1990)] or PR (670 X 104 M-'
s-) of E.coli phage lambda. The progressive increase in
the DNA curvature of PA2b decreased both the affinity of
RNA polymerase for the promoter (KB) and its ability to in-
itiate transcription (kf). As a consequence, the overall
strength of the mutant having the strongest curvature
(PA2b63) was almost an order of magnitude lower than that
of the wild-type promoter.
Discussion
Previous analysis of the transcripts produced in vivo during
phage 029 development suggested that activation of the
late A3 promoter by protein p4 is accompanied by a decline
in the expression of the main early promoter, PA2b
(Barthelemy et al., 1988). Protein p4 was characterized as
a transcriptional activator that binds to a region of PA3
spanning from positions -56 to -102 relative to the
transcription start site, producing a strong bend in the DNA
(Barthelemy and Salas, 1989). On the basis of circular
permutation assays (Rojo et al., 1990), and using the
empirical estimation of Thompson and Landy (1988), the
bending angle was estimated to be - 850. Protein p4 binding
site overlaps with the early A2b promoter, which is
transcribed in a direction opposite to that of PA3. Since
previous analysis had suggested that binding of protein p4
to PA3 and rA-RNA polymerase to PA2b could be mutually
exclusive (Serrano et al., 1991), we have analysed the role
of protein p4, activator of PA3, as a repressor of PA2b.
Although repressors are generally thought to impede
RNA polymerase binding through steric hindrance, other
mechanisms blocking different steps, from binding to
transcription initiation, are also possible (reviewed by Adhya,
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Fig. 5. Scheme showing how oA-RNA polymerase could recognize the early A2b promoter or the late A3 promoter depending on the binding of the
transcriptional regulator p4 to DNA. Protein p4 is shown as two small subunits filled in black; RNA polymerase is shown in white. The orientation
of RNA polymerase on PA2b is only estimated.
1989). Several repressors have recently been shown to bend
the DNA. This bending has been proposed to be of relevance
in the repression mechanism in addition to the steric
hindrance (Zwieb et al., 1989; Perez-Martin et al., 1989).
Moreover, integration host factor, a protein known to
bend the DNA and whose mechanism of action in several
processes seems to rely on this property (reviewed by
Friedman, 1988), has been shown to act as a repressor of
certain promoters (Griffo et al., 1989; Kur et al., 1989).
We have therefore investigated the role of protein p4, and
particularly of the DNA bending that it induces in its binding
site, on the repression of the early A2b promoter.
Hydroxyl radical footprinting has indicated that protein
p4 binds to only one face of the DNA helix, contacting the
inner side of the curvature that it induces in such a way that
the DNA wraps around the activator. When the analysis was
done in the presence of both protein p4 and oA-RNA
polymerase, the region contacted by protein p4 did not
change and oA-RNA polymerase was observed to be bound
to PA3, just downstream of protein p4 and at the same face
of the DNA helix. A single minor groove was protected by
both proteins, the upstream strand by protein p4 and the
downstream one by oA-RNA polymerase. This indicates
that the two proteins are in very close proximity, which
supports previous proposals about contacts between them
based on their co-operativity when binding to the late A3
promoter (Nuez et al., 1991).
In the absence of protein p4, oA-RNA polymerase was
observed to bind to the early A2b promoter. From position
-20 upstream, relative to PA2b transcription start point, this
promoter overlaps with protein p4 binding site, which is
known to have a sequence-directed curvature of -450
(Barthelemy and Salas, 1989; Rojo et al., 1990). This
binding generates a footprint that is mainly reflected by the
appearance of a strong DNase I hypersensitive band. We
have now shown that protein p4 is able to displace oA-RNA
polymerase previously bound at PA2b and direct it to PA3.
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Protein p4 therefore acts as a switch that represses the
early A2b promoter while activating the late PA3. The
overlapping of the -35 region of PA2b with part of protein
p4 binding site suggests that this regulator probably produces
a steric hindrance on oA-RNA polymerase binding to PA2b.
This may not be the only factor involved in repression, since
binding of protein p4 to its recognition site induces a strong
bend in the DNA which could also participate in the repres-
sion process. We have therefore investigated how a static
DNA bend could influence PA2b expression. For this
purpose, the sequence-directed curvature of protein p4 bind-
ing site was increased through the sequential introduction
of adenine tracts by site-directed mutagenesis. Mutations
were designed so as not to affect negatively critical posi-
tions of the early promoter. Three mutants were obtained,
in which the curvature increased from that of the wild-type
(.-45°) to about 580, 640 and 720, respectively. The curva-
ture induced by protein p4 can be estimated to be - 85°.
The mutants with lower or medium curvature (580 and 640,
respectively) were active in transcription under low ionic
strength conditions, but their efficiency relative to the wild-
type promoter decreased as the ionic strength was increased.
The mutant having the highest curvature (720) was almost
inactive at all ionic conditions tested. Interestingly, DNase
I footprinting assays indicated that the progressive increase
in DNA curvature did not prevent oA-RNA polymerase
from binding to PA2b under low or medium ionic strength
conditions. Under high salt conditions, oA-RNA polymerase
could only bind to the mutant template having the lowest
curvature and, to a small extent, to the mutant having
medium curvature. As mentioned above, under these
conditions the complexes formed had a very reduced tran-
scription activity. Wild-type PA2b was able to bind oA-RNA
polymerase and was active at all the ionic conditions used.
Its activity decreased about an order of magnitude in the
presence of protein p4. The behaviour of the mutant
promoters suggested that an adequate DNA curvature,
F.Rojo and M.Salas
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Fig. 6. Mutants in protein p4 binding site. (A) Sequence of the mutants. Mutations introduced by site-directed mutagenesis are shown by closed
triangles. Numbering on top refers to PA2b transcription start point and on the bottom to PA3 start point. The inverted repeats to which protein p4
binds on the PA2b -35 region are indicated by lines on the wild-type PA2b sequence. (B) Curvature of protein p4 binding site in the wild-type and
mutant derivatives predicted by the program BEND (DNASTAR Inc., package) using the roll angle values of Trifonov (1985). The sequence shown,
202 bp long, spans from position - 124 (left side of figure) to +80 relative to PA3' which corresponds to position +7 to -195 relative to PA2b*
Protein p4 binding region is depicted by a line. (C) Migration through a polyacrylamide gel of DNA fragments containing the wild-type or mutant
protein p4 binding sites. The DNA fragments used contained protein p4 binding site either close to the end of the fragment (gel 1) or in the centre
of it (gel 2). Gels 1 and 2 were run at 4°C; gel 3 corresponds to the same DNA fragments as gel 2, but was run at 60°C.
correctly positioned, can impair the transcription efficiency
of PA2b. A kinetic analysis of the wild-type PA2b and its
curved derivatives confirmed that the increase in DNA
curvature produced a decrease both in the affinity of
oA-RNA polymerase for the promoter and in the rate of
formation of transcriptionally active open complexes. The
overall strength of the mutant promoter having the most
pronounced curvature was almost an order of magnitude
lower than that of the wild-type promoter. The negative effect
of the DNA curvature on the affinity of the RNA polymerase
for the promoter could be explained by the change in
promoter geometry produced by the curvature, that is to say,
the curvature would produce a DNA conformation that the
RNA polyinerase cannot properly recognize as a promoter.
On the other hand, since transition from closed to open
complexes seems to require some distortion of the DNA
(Heumann et al., 1988; Travers, 1989 and references cited
therein), an unfavourable rigid curvature of the promoter
could impair the formation of a transcriptionally active
open complex. The curvature induced by protein p4 could
therefore play a role in the repression of PA2b. The
repression efficiency of the steric hindrance presumably
exerted by protein p4 could thus be increased by producing
a DNA conformation that cannot be properly recognized as
3435
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a promoter by the RNA polymerase. The existence of
these two complementary repression mechanisms presents
an advantage. If repression relied only on steric hindrance,
a partial binding ofRNA polymerase to the promoter could
force protein p4 to leave its binding site. The efficiency of
repression would depend on the relative affinity of each
protein for its binding site. In this sense, it has been shown
Table I. Transcription activity from PA2b
Ionic strength High Medium Low
protein p4 - + - + - +
PA2b 100 3 100 12 100 27
PA2b60 14 3 28 6 100 30
PA2b61 11 8 25 10 92 23
PA2b63 5 5 12 12 15 4
The levels of run-off transcripts produced from PA2b in wild-type or
mutant templates are shown. The values indicate percent activity
relative to that of the wild-type at each ionic strength. Reactions were
carried out for 10 min as indicated in Materials and methods, and
contained triethanolamine buffer (30 mM, pH 7.9), MgCI2 (8 mM),
NaCl (20 mM), glycerol (4%), linear DNA template (20 nM), RNA
polymerase (40 nM), protein p4 (20 1tM, only where indicated) and
ammonium sulphate up to 30, 48 or 84 mM (indicated as low,
medium or high ionic strength, respectively). Mutations in PA2b61 and
PA2b63 affect protein p4 recognition sequences and, as a consequence,
the repression efficiency of protein p4 is lower than in the wild-type
or PA2b60 templates. DNase I footprints indicate that binding of
protein p4 to these mutant derivatives is very poor (not shown). Under
low salt conditions protein p4 partially aggregates, and therefore its
repression efficiency is lower.
that it is the competition between the RNA polymerase and
the repressor for their respective overlapping binding sites
which determines how efficiently promoter activity is
controlled by a repressor (Lanzer and Bujard, 1988). If
p4-induced curvature modifies the structure of PA2b, the
capacity of the RNA polymerase to recognize the promoter
and displace the regulator from its binding site is efficiently
reduced. The negative effect of a DNA bend on promoter
activity can also be noted when the bend is located further
upstream from the RNA polymerase binding site. It has
been shown recently that an unfavourable DNA curvature
centred at position around -90 (relative to the transcription
start site) can also negatively affect promoter efficiency
(Perez-Martin and Espinosa, 1991).
In view of the results presented above for PA2b and those
reported earlier for PA3 (Rojo et al., 1990), we propose that
protein p4-induced DNA curvature could have multiple
purposes: (i) to increase the regulator-DNA contacts, so
stabilizing the complex; (ii) to create a DNA conformation
suitable for RNA polymerase binding to PA3 and/or
correctly to align protein p4 towards RNA polymerase bound
to PA3 so that adequate contacts can be made; and (iii) to
increase the repression efficiency of protein p4 on the early
A2b promoter. Since several negative regulators of gene
expression bend the DNA at their target sites, the repression
mechanism proposed for protein p4 could be operative in
other cases, particularly in those promoters at which the
regulator and the RNA polymerase bind to different faces
of the DNA helix.
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Fig. 7. DNase I footprinting of the binding of aA-RNA polymerase to PA2b in the sequence-directed curved mutant templates. The appearance of the
hypersensitive position at -80 relative to PA3 (-38 relative to PA2b) indicates binding of RNA polymerase to PA2b (see text). In track C the binding
reaction was carried out as in Figure 4, that is, under low ionic conditions (no ammonium sulphate added) and in the presence of a large excess of
non-specific competitor DNA, conditions which are optimum for DNase I activity. In all the other tracks competitor DNA was omitted and binding
specificity was achieved by increasing the ionic strength with ammonium sulphate up to 30 mM (low, L), 45 mM (medium, M) or 84 mM (high,
H), to obtain conditions similar to those used in the in vitro transcription assays. RP indicates aA-RNA polymerase.
Table H. Kinetic parameters of PA2b and its curved derivatives
Promoter KB (M X) kf (s-I) KB x kf (M -' s-) KB X kf (wt/mut) KB (wt/mut) kf (wt/mut)
PA2b 1.7 x 108 14.0 x 10 3 241 x 104 - _
PA2b6° 1.1 x 108 5.8 x 10 3 65 x 104 3.7 1.5 2.4
PA2b61 1.1 x i08 5.2 x 10 3 57 x 104 4.2 1.5 2.7
PA2b63 0.7 x 108 3.8 x 10 3 27 x 104 9 2.4 3.7
The equilibrium constant KB (reflecting the affinity of RNA polymerase for the promoter to form a closed complex) and the velocity constant kf
(characterizing the transition to a transcriptionally active open complex) were obtained from tau plots (Hawley and McClure, 1980) as described in
Materials and methods. Also indicated are the 'on rate' constant KB X kf, reflecting the overall promoter strength, and the ratio between each of
these constants for the wild-type A2b promoter and for the bent mutant derivatives (represented as wt/mut).
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Materials and methods
DNA manipulations
Plasmid and phage M 13 DNAs were prepared and manipulated following
standard methods (Sambrook et al., 1989). ¢29 DNA was prepared as
described (Inciarte et al., 1976). DNA fragments were labelled at their 3'
ends with Klenow polymerase. Chemical sequencing reactions used as size
standards were performed as described (Maxam and Gilbert, 1980). Site-
directed mutagenesis was performed on an M13mpl9 derivative named mA3
(Nuez et al., 1991), in which a k29 198 bp long AccI-HindIII DNA
fragment, containing promoters PA3 and PA2b, was cloned in the SmaI site
so that transcription from PA3 proceeds towards the HindlIl site. The kit
supplied by Amersham was used for the mutagenesis procedure. The mutant
promoters obtained were named PA2b60, PA2b61 and PA2b63. The modified
DNAs were excised from M13 replicative form with EcoRI and BamHI
and introduced between the same restriction sites of plasmid pUC 199, a
derivative of pUC19 with the omega interposon cloned in the Narn site
(S.Harayama, unpublished). Recombinants obtained containing the mutant
promoters mentioned above or PA2b wild-type were named, respectively,
pFRC60, 61, 63 or 64.
Hydroxyl radical footprinting
Hydroxyl radical footprinting of the binding of protein p4 and B.subtilis
aA-RNA polymerase to DNA was performed as described (Tullius and
Dombrosky, 1986), except that the concentration of reagent was 20 times
higher. End-labelled DNA was incubated for 20 min at 37°C in a total
volume of 20 il of 25 mM Tris-HCI, pH 7.5, 10 mM MgCl2, 2 jig
poly(dI-dC) as non-specific competitor DNA, in the absence or presence
of protein p4 (0.3 or 0.6 yg) and/or B.subtilis oA-RNA polymerase
(0.25 1tg).
DNase I footprinting
For DNase I footprints (Galas and Schmitz, 1978), end-labelled DNA was
incubated for 30 min at 37°C in the absence or presence of protein p4 (1 ug)
and/or B.subtilis oA-RNA polymerase (0.5 ,g), in 25 mM Tris-HCI, pH
7.5, 10 mM MgCI2, in a total volume of 20 ul, and in the presence of 2 Ag
of poly(dI-dC) as non-specific competitor DNA. When indicated, ammonium
sulphate up to a final concentration of 30, 48 or 84 mM was added instead
of poly(dI-dC). Samples were transferred to room temperature and, 3 min
later, 50 ng of DNase I were added. After 2 min, the reaction was stopped
by addition of EDTA up to 10 mM. The DNA was precipitated with ethanol
and analysed in denaturing polyacrylamide gels (Maxam and Gilbert, 1980).
DNA fragments used in all cases, containing promoters PA2b60, PA2b61,
PA2b63 or PA2b wild-type, were obtained from plasmids pFRC60, 61, 63
or 64, respectively, cutting with BamHI and KpnI and labelling the BamHI
end with [c-32P]dATP and Klenow enzyme.
In vitro transcription
In vitro transcription reactions (Barthelemy et al., 1987) to assay PA2b
activity were performed in 30 mM triethanolamine buffer, pH 7.9, 8 mM
MgC12, 20 mM NaCl, 4% glycerol and 30, 48 or 84 mM ammonium
sulphate (as indicated) in a total volume of 25 Al. The template used was
a 340 bp PvuI-BamHI fragment, obtained from plasmids pFRC64, 60,
61 or 63 (corresponding to wild-type or bent PA2b derivatives), which gives
rise to a 143 nt run-off transcript. Concentrations of DNA template,
protein p4 and B.subtilis aA-RNA polymerase were as indicated in each
experiment. Reactions were carried out for the indicated time at 37°C and
stopped with 50 Al of a solution contianing 0.2% SDS, 0.15 mg/ml of tRNA
and 70 mM EDTA. Unincorporated nucleotides were eliminated by a
Sephadex G-50 spun column. RNA was precipitated with ethanol and
analysed using denaturing polyacrylamide gels.
Kinetic measurements
Kinetic parameters of the A2b promoter and its curved derivatives
were determined from tau plots (Hawley and McClure, 1980). Run-off
transcription reactions were performed as indicated in the above section,
adjusting the ammonium sulphate to 48 mM. The assays were initiated
by adding different amounts of RNA polymerase (14-176 nM final
concentration) to preheated reaction mixtures, the concentration of DNA
template being 1 -2 nM. Samples were taken at different times after the
addition of RNA polymerase and the amount of radioactive run-off transcript
produced from PA2b was determined. The lag observed (tauObS) before a
steady-state rate of transcription was achieved was estimated for each RNA
polymerase concentration. Kinetic constants were deduced from the equation
tauobbS = l/kfKB[RNAP] (Hawley and McClure, 1980). Note that since the
kinetic parameters were calculated following the appearance of run-off
transcripts, kf represents not only the process of open complex formation,
but also promoter clearance, that is, those steps leading to the formation
of a transcript.
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